It has been known for long time that gold, palladium and platinum are present in most ores, alloys and concentrates at very low values. The detection limits of an atomic absorption spectrometer are not low enough for their direct determinations in sample solutions. The determination of gold, palladium and platinum is also difficult because of the large concentrations of unwanted metals and/or salts, such as sodium, iron, nickel and copper. To minimize such problems, the analysis must incorporate preconcentration and separation steps to free these precious metals from the matrix components. In addition, high concentrations of matrix constituents, including the acids used for sample dissolution or digestion, may cause inaccuracies in a method, which is based on external calibration with dilute aqueous standards. For this purpose, several preconcentration and separation procedures for gold, palladium and platinum, such as solvent extraction, 1-3 coprecipitation, 4,5 ion-exchange 6-8 and adsorption, 9-11 have been suggested. Among these procedures, by far, the most popular procedure for analyte concentration and separation is solid-phase extraction. In general, the analyte from a relatively large volume of solution is selectively retained by a solid-phase material based on a variety of mechanisms, and then released into a relatively small volume of eluent. In solid-phase extraction procedures based on adsorption, complexes, chelates and ion associates, the analytes are retained on columns filled with XAD resins, 12,13 polyurethane foams, 14 activated carbon 15-17 and silica gel 18, 19 etc. Amberlite XAD series in most studies in our working group have been successfully used. [20] [21] [22] [23] [24] The great tendency of gold, palladium and platinum to form very stable complex makes it possible to use inorganic complexing agents and extraction for their preconcentration. After sample decomposition, gold, palladium and platinum usually come in the form of stable halogeno complexes. For this reason, numerous procedures based on the use of halogeno complexes have been proposed for the preconcentration and separation of gold, palladium and platinum. 7, 25, 26 In this paper, a procedure is described for the determination of gold, palladium and platinum at trace levels in various metallurgic materials, such as pure copper and anodic slime, by applying complexation with halogenide and solid-phase extraction with an Amberlite XAD-7 resin column in combination with atomic absorption spectrometry.
In this paper, a procedure is described for the determination of gold, palladium and platinum at trace levels in various metallurgic materials, such as pure copper and anodic slime, by applying complexation with halogenide and solid-phase extraction with an Amberlite XAD-7 resin column in combination with atomic absorption spectrometry.
Experimental

Instrument
A Perkin-Elmer Model 3110 atomic absorption spectrometer equipped with an air-acetylene burner was used for the determination of gold, palladium and platinum. The instrumental parameters were those recommended by the manufacturer. A pH meter (Nel pH-900 Model with a glasselectrode) was employed for measuring the pH values in the aqueous phase.
Reagents and standard solutions
All reagents were of analytical grade unless otherwise specified. Double-distilled water was used throughout the experiments. Extrapure hydrochloric acid and nitric acid from Merck, Darmstadt were used to prepare the acid solutions and buffer solution used throughout this work and the digestion of samples. Potassium iodide was purchased from Merck, Darmstadt.
Aqueous test solutions containing 5 µg of gold(III), 5 µg of palladium(II) and 10 µg of platinum(II) per 25 mL and their standard solutions used for the calibration were prepared by dilution of a 1000 mg L -1 stock solution (Aldrich) with 1 mol dm -3 HCl for the each analyte.
Column preparation
A 500 mg sample of Amberlite XAD-7 (particle size, 0.3 -0.9 mm) resin suspended in water was slurry-packed in a glass column (10 mm i.d.) fitted with a porous disk filter and a glass stopcock. Amberlite XAD-7 resin, from Merck, Darmstadt was cleaned according to a procedure described elsewhere. 21 After completing each experiment, the column was rinsed with a very large volume of the water and stored for the next use.
General procedure for the separation of gold, palladium and platinum
Aqueous test solutions containing 5 µg of gold, 5 µg of palladium and 10 µg of platinum were prepared in 25 ml of various matrices including HCl and KI at varying concentrations. The test solutions were gravitationally passed through a column at a flow rate of 5 ml min -1 . The retained analytes were eluted by 8 -10 ml of acetone at a flow rate of 1 -2 mL min -1 . The flow rates were controlled over the range of 1.0 -25 mL min -1 by a stopcock of the column. The effluent was collected in a small glass beaker and carefully evaporated to 0.5 -1 mL on a hot plate adjusted to ca. 30 -40˚C. The residue was diluted to 2 or 5 mL using a 1 mol dm -3 HCl solution. Au, Pd and Pt in the final solution were determined by using atomic absorption spectrometry.
Procedure for metallurgical samples
Metallurgical samples, anodic slime directly and pure copper after washing their surfaces, were dried at 110˚C for 2 h. A 50 -200 mg amount of sample was decomposed with 5 -10 mL of aqua regia and the solution was evaporated to dryness. This process was repeated twice. Ten milliliters of 2 mol dm -3 HCl were added to the residue. The suspension was filtered through blue band filter paper (Advantec Toyo 5A), and the insoluble part was washed with a solution containing 2 mol dm -3 HCl and 0.5 mol dm -3 KI. The final solution was diluted to 25 ml with a mixture solution of 2 mol dm -3 HCl and 0.5 mol dm -3 KI. Then, the general procedure was applied to the final solutions.
Results and Discussion
Effect of the HCl and KI concentrations
Gold, palladium and platinum form stable complexes with chloro, bromo, iodo and thiocyanato ligands. 27, 28 Until now, these complexes have been used for the extraction of gold, palladium and platinum from an aqueous solution to an organic phase. [29] [30] [31] To adopt these solvent-extraction processes to solidphase extraction using Amberlite XAD-7 resin as a solid-phase material, the effect of the ligand concentrations on the recovery of gold, palladium and platinum was optimized.
The effect of a chloro ligand on the recoveries was examined using a test solution prepared with a HCl solution in varying concentrations. The results are depicted in Fig. 1 . Gold was quantitatively recovered over a wide concentration range of HCl as 0.5 -4 mol dm -3 . The quantitative recoveries of palladium were obtained in the range of 1 -3 mol dm -3 HCl. The recovery of platinum was nearly 90% in the range of 1.5 -3 mol dm -3 HCl concentration. Therefore, all subsequent studies were performed with 2 mol dm -3 HCl.
To obtain a quantitative recovery for platinum, the effect of the iodide concentration on the recoveries of gold, palladium and platinum was also investigated using a test solution prepared with varying concentrations of iodide in 2 mol dm -3 HCl. The obtained results are shown in Fig. 2 . Gold, palladium and platinum were retained together from a 0.5 mol dm -3 KI solution prepared in 2 mol dm -3 HCl. Gold, palladium and platinum were quantitatively (≥ 95%) recovered. The improvement on the recovery of platinum using KI might be due to a salting-out and synergistic effects that are very well known in solvent extraction. 30 
Effect of sample volume
Especially, the sample volume is important to obtain a highpreconcentration factor for the analysis of liquid samples containing analytes at very low concentration levels. Due to this, the effect of changes in the volume of the sample solution on the recoveries of gold, palladium and platinum was investigated by using test solutions prepared with 0.5 mol dm -3 KI in a 2 mol dm -3 HCl solution. The test solutions contained 5 µg of gold(III), 5 µg of palladium(II) and 10 µg of platinum(II) per 25 mL. As can be seen in Fig. 3 , the recoveries for palladium and gold were quantitative up to sample volumes of 300 mL and 400 mL, respectively. Platinum was completely recovered up to a sample volume of only 100 mL.
Influences of the sample and eluent flow rates
It is known from previous studies that acetone is the most suitable eluent for the elution of analyte ions retained using inorganic and organic ligands on the Ambertite XAD resins. 21, 32 Therefore, acetone was chosen as an eluent. The minimum volume of acetone required for the quantitative elution of the retained complexes was experimentally found to be 8 -9 mL. The sample and eluent flow rates are important parameters to obtain quantitative retention and elution, respectively. The effect of a variation in the flow rate of the sample solution on the resulting uptake of gold, palladium and platinum from 0.5 mol dm -3 KI in 2 mol dm -3 HCl solutions was investigated. The results are given in Table 1 . The sample flow rate range investigated for analytes was between 1.0 and 25.0 mL min -1 . The maximum flow rates for quantitative retentions of gold, palladium and platinum were found to be 25, 11 and 4 mL min -1 , respectively.
The effect of the eluent flow rate on the recoveries of the analyte ion was also examined. The results given in Table 2 show that varying the elution flow rate using acetone as an eluent within the range of 1.0 to 15.0 mL min -1 for gold and palladium did not significantly influence the quantitative recoveries of the analytes. For platinum, the recovery values were not quantitative after using 1.0 mL min -1 for the eluent flow rate. In further work, the flow rate of acetone was chosen to be 2.0 mL min -1 for gold and palladium.
Effect of divers ions
In order to study the effect of foreign ions on the determinations of gold, palladium and platinum with the proposed procedure, fixed amounts of the analytes, 5 µg of gold(III), 5 µg of palladium(II) and 10 µg of platinum(II) per 25 mL, were taken with various amounts of divers ions and the procedure was followed. The results are tabulated in Table 3 . As can be seen from Table 3 , platinum is considerably influenced by the divers ions. Gold and palladium is almost free from interference of the investigated divers ions until the indicated amounts.
Analytical characteristics
The analytical performance of the proposed procedure can be shown for the results of FAAS measurements. The relative standard deviations (RSD) were found in the range of 1.6 and 8.9%. The recoveries obtained for gold and palladium with the model solutions in doubly distilled water were higher than 95%, thus confirming the accuracy of the procedure. However, the accuracy of the proposed procedure was tested by the analysis of a sample spiked with the analyte. The analytes recovered quantitatively (≥ 95%) from the spiked samples were determined. For this reason, the relative errors were 5% or lower.
The detection limits (3s, n = 20), based on three-times the standard deviation of the blank for gold, palladium and platinum, were found to be 32.0, 24.9 and 102.5 µg L -1 , respectively. The detection limit (DL) and sensitivity limit can be decreased by one order of magnitude by increasing the sample volume.
Analysis of pure copper and anodic slime
The proposed procedure was applied to determine gold, palladium and platinum in a pure copper sample. Firstly, recovery experiments were carried out with a spiked copper solution prepared with 50 mg of pure copper, because a certified reference material was not available. The results are given in Table 4 . The content of gold for the copper sample was found 1623 ANALYTICAL SCIENCES DECEMBER 2003, VOL. 19 Fig. 3 Influences of the sample volume on the recoveries of gold ( ), palladium ( ) and platinum ( ) (n = 4). Table 1 Effects of the flow rate of a sample on the retention of analyte ions (sample volume, 25 mL)
Flow rate/ mL min -1 Recovery, % a Gold Palladium Platinum a. Mean ± SD (n = 3). Table 2 Influences of the eluent flow rate on the recovery of gold, palladium and platinum (sample volume; 25 mL)
Flow rate/ mL min -1 Recovery, % a Gold Palladium Platinum a. Mean ± SD (n = 3). to be 6.0 ± 0.3 µg g -1 (n = 6 at the 95% confidence level). RSD was calculated to be 5.1%. Palladium was not detected using the proposed procedure. As expected, the recovery of platinum, influenced by copper ions as divers ions, was low.
The procedure was applied to anodic slime samples having a more complex matrix than pure copper. 12 The correctness of the results was tested by an analysis of spiked anodic slime samples. As can be seen from Table 5 , because of the complex matrix, palladium was not recovered from the slime sample. Also, the recovery of platinum was influenced by anodic slime including copper at a high concentration. In contrast to platinum and palladium, gold in the slime samples could be accurately determined by the proposed procedure, as can be seen from Table 5 . For this reason, the gold content of an anodic slime sample, obtained from the electrolysis of blister copper, was determined (Table 6 ).
In conclusion, the proposed procedure provides a simple, fairly rapid and reliable technique for the preconcentration and determination of gold from some metallurgical sample having a complex matrix, such as pure copper and anodic slime. However, the procedure can be applicable to a palladium determination only under some limited conditions. The determination of platinum in several real samples is impossible with the proposed procedure. a. Mean ± SD (n = 6). b. Detection limit. 
RSD
a. x ± t.s/ n , with confidence limit at 95% confidence level (s: standard deviation).
